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Baculovirus encoded P10 form fibrillar structures in infected cells. We have tried to identify the functional domains for the P10 filament
formation by green fluorescence protein (GFP) tag. The p10 gene of Helicoverpa armigera single nucleocapsid nucleopolyhedrovirus
(HearNPV) was the subject of these studies. Different lengths of HearNPV p10 gene were constructed with GFP fused in frame to the C-
terminus. The constructs were transfected into insect and mammalian cells and observed by confocal microscopy. The results indicated that
the first N-terminal 66 amino acids, which form the complete coiled-coil domain, were necessary for the aggregation and formation of
filament structures of HearNPV P10. The proline-rich region and the C-terminal positively charged amino acids were not necessary for the
formation of fibrillar structure but had some impact on the shape of the fibrillar structures. No other baculoviral proteins were needed for the
formation of P10 filament structures in transfected cells.
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The Baculoviridae is a large family of occluded, rod-
shaped viruses with circular, double-stranded DNA
genomes. It contains two genera: nucleopolyhedrovirus
(NPV) and granulovirus (GVs) (Blissard et al., 2000). A
characteristic of late infection of baculovirus is the
production of large bundles of filaments in infected cells.
Immunogold electron microscopy had revealed that these
filaments were composed predominantly of viral encoded
P10 proteins (Quant-Russell et al., 1987; van der Wilk et
al., 1987). To date, the genomes of 23 NPVs have been
completed sequenced and P10 has been found in all of
these NPVs, except in NeleNPV (Lauzon et al., 2004),
NeseNPV (Garcia-Maruniak et al., 2004), and CuniNPV0042-6822/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.virol.2005.05.003
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E-mail address: huzh@pentium.whiov.ac.cn (Z. Hu).(Afonso et al., 2001). Although it has been reported that
P10 was involved in cell lysis, nuclear membrane
disintegration, stabilizing polyhedra, and polyhedra lib-
eration (Gross et al., 1994; Williams et al., 1989; van
Oers et al., 1993), the exact function of P10 is still
unclear.
Baculoviral P10 proteins share conserved secondary
structures, even through their sequences exhibit low
identity. Previous investigators have identified three struc-
tural and functional domains in P10 proteins (van Oers and
Vlak, 1997). The amino-terminal part of P10 contains a
coiled-coil domain made up of heptad repeats (HRs). This
domain was implicated in the oligomerization of P10
(Alaoui-Ismaili and Richardson, 1996; Vlak et al., 1988;
Wilson et al., 1995). Downstream from the coiled-coil
domain is a proline-rich sequence which is probably
involved in the liberation of polyhedra from infected cell
nuclei (van Oers and Vlak, 1997). At the C-terminus is a
positively charged sequence. It has been reported previously05) 112 – 120
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nucleopolyhedrovirus (AcMNPV) was necessary for the
alignment of P10 aggregation into fibrillar structures (van
Oers et al., 1993).
The function of P10 structure was previous studied by
constructing baculoviruses with deletion or mutation in
the p10 genes and observation of the effects by electron
microscopy (Vlak et al., 1988; van Oers et al., 1993,
1994; Williams et al., 1989). Later, immunostaining was
introduced into the studies of P10s and filament structure
could be observed by using anti-P10 antibodies and
immunofluorescent microscopy (Alaoui-ismaili and
Richardson, 1998; Patmanidi et al., 2003). In this article
we tagged the green fluorescent protein (GFP) to P10 and
observed the filaments under the confocal microscope and
attempted to use this technique to map the polypeptide
regions important for filament formation.
The p10 gene of Helicoverpa armigera single nucleo-
polyhedrovirus (HearNPV) (Chen et al., 2001) was the
subject of these studies. HearNPV P10 contains 87 amino
acids (aa) (Wang et al., 2001), the first 66 aa of which
form a coiled-coil region which contains 8 complete
heptad repeats. Following the coiled-coil region is a
proline-rich region, which contains amino acids 67–80.
The C-terminal 7 amino acids form a positively charged
domain. Transient expression vectors were constructed
fused with GFP to truncate C-terminus region, proline-rich
region, or 1–4 HRs. The plasmids were transfected into
HzAM1, a cell line permissive to HearNPV, and into Sf21
or into a mammalian cell line BHK. The latter two cell
lines are not permissive to HearNPV. We were able to
identify that the first N-terminal 66 amino acids were
necessary for the formation of filament structures of
HearNPV P10.Fig. 1. Schematic representation of various P10 and GFP fusions in pIZ/V5 transi
OpIE2 promoter. The coiled-coil domain, proline-rich and basic region were ind
hydrophobic amino acids in HRs, prolines in proline region, and basic amino aciResults
Construction of transient expression vectors containing
truncated HearNPV P10 fused to GFP and detection of
P10-GFPs expression in HzAM1 cells
To identify the functional domains needed for the
formation of filament structures, we constructed seven
pIZ/V5 plasmids containing different lengths of HearNPV
P10 fused to GFP (Fig. 1). Plasmid pN87-GFP contains
the full-length (87 aa) of HearNPV P10. pN80-GFP
contained the N-terminal 80 amino acids with a deletion
of the 7 amino acids from the C-terminal basic region.
pN66-GFP contained the N-terminal 66 aa with a further
deletion of the proline region. pN60-GFP, pN49-GFP,
pN43-GFP, and pN36-GFP contained the N-terminal 60,
49, 43, and 36 aa, respectively, with further deletions of 1,
2, 3, and 4 HRs, respectively (Fig. 1). GFP was fused in
frame to the C-terminal of the P10 polypeptides in the
above plasmids. A control plasmid of pGFP was con-
structed where only the gene encoding GFP protein was
cloned into pIZ/V5.
To investigate the expression of the different P10-GFP
fusion proteins in HzAM1 cells, anti-P10 and anti-GFP
antibodies were used to detect both proteins by Western blot
analysis. The GFP antibody detected specific bands with
molecular weights about of 39 kDa (pN87-GFP), 38 kDa
(pN80-GFP), 36.5 kDa (pN66-GFP), 34.5 kDa (pN60-
GFP), 33 kDa (pN49-GFP), 32 kDa (pN43-GFP), and 31
kDa (pN36-GFP) (Fig. 2A). The predicted sizes of the
fusion proteins of N87-GFP, N80-GFP, N66-GFP, N60-GFP,
N49-GFP, N43-GFP, and N36-GFP are 38.3 kDa, 37.5 kDa,
36.0 kDa, 35.3 kDa, 34.2 kDa, 33.6 kDa, and 33.0 kDa,
respectively. Therefore, the sizes of the observed bands wereent expression vector. Genes fused with GFP were under the control of the
icated above the amino acids sequence of HearNPV P10. The 1st and 4th
ds in C-terminal basic region were blocked.
Fig. 2. Western blot analysis of the expression of pN87-GFP, pN80-GFP, pN66-GFP, pN60-GFP, pN49-GFP, pN43-GFP, pN36-GFP, and pGFP in HzAM1
cells using (A) GFPAb-1 and (B) anti-P10 rabbit serum as primary antibodies. Proteins from about 3  104 cells were loaded in each lane. HzAM1 healthy cell
was used as the control.
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weights. The anti-P10 antibody reacted positively to the
bands detected by the anti-GFP antibody in pN87-GFP-,
pN80-GFP-, pN66-GFP-, and pN60-GFP-transfected cells
(Fig. 2B). However, the same anti-P10 antibody did not
detect any bands in the pN49-GFP-, pN43-GFP-, and pN36-
GFP-transfected cells (Fig. 2B), suggesting that deletion
beyond amino acid 60 (towards N-terminus) would disturb
the antigen structure of P10 recognized by the anti-P10
antibody.
Identification of the filament formation region of P10-GFPs
HzAM1 cells were transfected with plasmids pN87-GFP,
pN80-GFP, pN66-GFP, pN60-GFP, pN49-GFP, pN43-GFP,
pN36-GFP, and pGFP. At 48 h post-transfection, the cells
were examined for fluorescence by confocal laser scanning
microscopy. As showed in Fig. 3, GFP alone (pGFP)
showed uniform fluorescence in the cytoplasm and nucleus
(Fig. 3H). However, when the entire HearNPV p10 was
tagged with GFP (pN87-GFP), several extensive fluorescent
aggregates could be detected in transfected cells (Fig. 3A).
When cells were transfected with pN80-GFP, the structure
of P10 appeared as an expanded network in the transfected
cells (Fig. 3B). This change was caused by the deletion of aa
81–87 which containing basic charged residues domains.
pN66-GFP, however, formed a branch-like structure in the
transfected cells, and this was related to the further deletion
of the proline-rich region (Fig. 3C). The other fourconstructs, pN60-GFP, pN49-GFP, pN43-GFP, and pN36-
GFP, did not show significant difference in comparison to
the control, pGFP (Figs. 3D–G). It suggested that first N
terminal 66 amino acids were essential for the filament
formation of HearNPV P10.
Confirmation of P10 filaments
To confirm that the florescent structures observed under
the confocal microscope were indeed P10 filaments, ultra-
thin sections of HzAM1 cells transfected with pN87-GFP,
pN80-GFP, pN66-GFP, and pN60-GFP were examined by
electron microscopy and immunogold electron microscopy
with the aid of anti-P10 antibody and protein A conjugated
with 15 nm gold particles. Filament-like structures were
observed in pN87-GFP-, pN80-GFP-, and pN66-GFP-
transfected cells but not in pN60-GFP-transfected cells
(Figs. 4A–D). Most filament structures were in the
cytoplasm and very few were in the nucleus. This is
consistent with the previous report that fibrillar structures
were found only in the cytoplasm of HearNPV-infected cells
(Lua and Reid, 2000). Anti-P10 antibody reacted specifi-
cally to the filament-like structures confirming these
structures were indeed P10 (Figs. 4E–G). In pN60-GFP-
transfected cells, immunogold particles were seen scattered
in both the cytoplasm and the nucleus, indicating there was
no P10 aggregation. In comparison to in the filaments
formed by pN87-GFP (Figs. 4A and E), those formed by
pN80-GFP appeared to be extended (Fig. 4B). In pN66-
Fig. 3. Confocal microscope images of HzAM1 cells transfected with pN87-GFP (A), pN80-GFP (B), pN66-GFP (C), pN60-GFP (D), pN49-GFP (E), pN43-
GFP (F), pN36-GFP (G), and pGFP (H). At 48 h post-transfection, cells were examined by confocal microscopy. Panels A,B,C,D,E,F,G, and H were
fluorescence images and Panels AV,BV,CV,DV,EV,FV,GV, and HV were the same fields under white light.
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and occasionally sharper in shape (Figs. 4C and G).
Filament formation in non-permissive Sf21 and BHK cells
To observe whether the host cell factors participate in
the formation of P10 specific structure, pN87-GFP, pN80-
GFP, pN66-GFP, pN60-GFP, and pGFP were transfectedinto insect Sf21 cells, which are not a permissive to
HearNPV. The cells were examined 48 h later by confocal
microscopy (Fig. 5). The fluorescence produced by pN87-
GFP in Sf21 cells appeared as patches mainly in the
cytoplasm around the nuclear membrane similar to that
observed in HzAM1 cells (Fig. 5A). In pN80-GFP
transfected cells, very smooth fluorescent networks were
observed (Fig. 5B). The fluorescence appeared as branches
Fig. 4. Electron microscopy and immunogold electron microscopy images of P10 filament structures in transfected HzAM1 cells. Left column are the electron
microscopic (EM) images and right column were immunogold images (IEM). HzAM1 cells transfected with pN87-GFP (A and E), pN80-GFP (B and F),
pN66-GFP (C and G), and pN60-GFP (D and H) were collected at 48 h post-transfection. Arrows indicate the electron-dense P10 filament structures.
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transfected cells, the fluorescent was distributed between
the cytoplasm and the nucleus (Fig. 5D) similar to pGFP
in Sf-21 cell (Fig. 5E).
To investigate filament formation in mammalian cells,
plasmids pEGFP-N87, pEGFP-N80, pEGFP-N66, and
pEGFP-N60 were used in which the P10-GFP fusions were
the same as in pN87-GFP, pN80-GFP, pN66-GFP, and
pN60-GFP, respectively, but were driven by a cytomegalo-
virus (CMV) promoter. The constructs were transfected into
BHK cells where the fluorescence was similar to that found
in Sf21 cells (Figs. 5F–J). These results suggested that the
aggregation and filament formation of P10 largely depended
on the characteristics of P10 itself and was independent ofthe origin of the cell line. The date also showed that that no
baculoviral factors were necessary for the formation of P10
structure in these cells.Discussion
GFP has been widely applied for visualizing the various
molecular structural events in living cells (Ludin and
Matus, 1998). The largely tagging of proteins such as
tubulin, myosin, and actin has illustrated how innocuously
GFP behaves in a fusion construct. In this paper, we report
for the first time that GFP could be used to visualize the
filament structures formed by baculovirus P10.
Fig. 5. Confocal microscopic images Sf21 transfected with pN87-GFP (A), pN80-GFP (B), pN66-GFP (C), pN60-GFP (D), pGFP (E), and BHK cells
transfected with pEGFP-N87 (F), pEGFP-N80 (G), pEGFP-N66 (H), pEGFP-N60 (I), and pEGFP-N1 (J). The cells were harvested at 48 h post-transfection for
confocal microscopy.
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HearNPV P10, the transiently expressed pN87-GFP fusion
protein could form aggregated florescent structures in the
transfected cells. Immunogold electron microscopic analysis
confirmed the florescent structures observed by confocal
microscopy were P10 filament structures (Fig. 4E) similar to
those found in wild-type HearNPV-infected cells (data not
shown). We conclude that tagging P10 with GFP would
allow visualizing P10 structures by florescent microscopy
and facilitate the study of P10 structures.
In the case of pN80-GFP where the seven alkaline amino
acids RRVSNKK have been deleted from the C terminus,
the fluorescence microscope revealed a continuous pliable
network structure in the transfected cells. The EM also
revealed an extended fibrillar structure. This indicated that
deletion of C-terminal positively charged domain from P10
did not inhibit the aggregation and filament formation but it
might change the shape and conformation of the filaments.
Our results are different from those previously report on
AcMNPV P10 (van Oers et al., 1993). Van Oers and
colleagues removed the eight carboxy-terminal amino acids
from AcMNPV P10 and found the truncated P10 polypep-
tides formed aggregations but lacked the morphological
characteristics of wild-type fibrillar structures. They pre-
dicted that the C-terminal basic aa were necessary for
filament formation (van Oers et al., 1993). As the latter
authors only used immunogold electron microscopy to
identify the morphology of fibrillar structures, it is possible
that the aggregation observed by them under IEM was
indeed a lose form of fibrillar structures which did not
resemble the wild-type filament structures. In addition to
EM and IEM, confocal microscopy provided us additional
more definitive means of identifying the filament structures.
It is also possible that the C-termini of P10s of both viruses
have subtle differences that account for the different
observations.
When the proline-rich region and the C-terminal-positive
charged region were deleted (pN66-GFP), P10 formed a
hitherto unreported branch-like structure in the transfected
cells. Proline residues are frequently found in loops,
unordered structures, or in turn regions of proteins and are
important for structural conformation (Reiersen and Rees,
2001). The deletion of the proline-rich region may somehow
change the conformation of P10 filament from a smooth
structure to branches.
No P10 filament structures were observed when cells
were transfected with pN60-GFP, pN49-GFP, pN43-GFP,
and pN36-GFP. These plasmids have deleted 1, 2, 3, or 4
heptad repeats of HearNPV P10, respectively. In HearNPV
P10, there are 8 heptad repeats with a three amino acid shift
after the 6th HR (Fig. 1). It is noteworthy that the disruption
of even one heptad repeat results in the interruption of P10
filament formation as seen in the case of pN66-GFP and
pN60-GFP. Immunogold electron microscopy indicated
there was no P10 aggregation in pN60-GFP-transfected
cells (Fig. 4H). These data show that the N-terminal 66amino acids or the entire coiled-coil domain was necessary
for the aggregation of P10 and the formation of the filament
structure in HearNPV. AcMNPV contains 7 HRs and there
is a three amino acid shift after the 4th HR. In the case of
AcMNPV, when C-terminal 42 amino acids were removed
resulting the deletion of the last HR, neither P10 expression
nor aggregation was observed (van Oers et al., 1993). An
AcMNPV P10-h-galactosidase fusion mutant containing the
N-terminal 52 amino acids and missing the last HR formed
aggregates but not filaments (Vlak et al., 1988; Williams et
al., 1989). Therefore, it appears that the entire N-terminal
coiled-coil domain is necessary for filament formation of
baculoviral P10s.
Our results showed that the N87-GFP, N80-GFP, and
N66-GFP fusion proteins formed different filaments char-
acterized by patches, tubular, and branch-like structures,
respectively. These properties were the same in permissive
HzAM1 cells or none permissive Sf21 or BHK cells (Figs. 3
and 5). By P10 antiserum and immunostaining, it was found
AcMNPV P10 composed tubular-like structures that spi-
raled throughout the cytoplasm and the nucleus of
AcMNPV-infected cells (Patmanidi et al., 2003) or
AcMNPV p10 expression plasmid transfected cells
(Alaoui-ismaili and Richardson, 1998). These indicated that
the shape of P10 filament is characterized by the primary
sequence of P10.
The filament structures produced by transiently express-
ing of P10-GFP fusions in cells suggest that P10 does not
require other viral factors. Our results from different host
cells indicated that the characteristics of P10 filaments
seemed to be more dependent to P10 genes than to the type
of host cells. These, however, do not exclude the importance
of host cell factors in the formation of filament structure. It
was shown that the formation of P10 tubular structure of
AcMNPV depended on host-cell microtubules (Patmanidi et
al., 2003). Some microtubule-associated proteins contain a
basic sequence in their tubulin-binding domain (Goedert et
al., 1991). The basic amino acids at C-terminal of AcMNPV
P10 (Patmanidi et al., 2003; van Oers et al., 1994) and the
last 44 amino acids of AcMNPV P10 (Patmanidi et al.,
2003) were postulated as regions interacting with micro-
tubule (Cheley et al., 1992). If the interaction with micro-
tubules is also necessary for the filament formation of
HearNPV P10, our results suggested that the microtubule-
binding domain is not limited to the basic C-terminal
domain. The GFP tag technology can be further used to
study the interaction of P10 and microtubules.Materials and methods
Cells and virus DNA
The H. zea cell line HzAM1 (McIntosh and Ignoffo,
1983) and Spodoptera frugiperda cell line SF21 were
cultured in Grace’s insect medium (Gibco-BRL) supple-
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(hamster kidney cell line) was maintained in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with
10% fetal bovine serum (FBS) at 37 -C. In vivo cloned
HearNPV G4 strain (Sun et al., 1998) was used as wild-type
virus and was propagated in H. armigera. Viral DNA was
isolated from the polyhedra collected from diseased insects.
Primers
Following primers were used to amplify different frag-
ments of HearNPV p10 gene (restriction enzyme size were
in italics):
p10F: 5V gggaattctacgacgaaataatcatggca 3V;
p10R87: 5V ggggatccgattttttattggacacttttcg 3V;
p10R80: 5V ggggatccgaattgacgttgggaacaacttc 3V;
p10R66: 5V cggggatccggatttctgtgatcgc 3V;
p10R60: 5V cccggatccgcttctacggcgtcttgaag 3V;
p10R49: 5V cccggatccgcactttgaccgtcgatctt 3V;
p10R43: 5V cccggatccttatcaaccagcaccgacac 3V; and
p10R36: 5V cccggatccggcagattacttttgacgtc 3V.
Construction of GFP-fusion plasmids
pGEM-N87 contains the entire coding sequence of p10
gene. It was constructed by PCR amplify the p10 gene,
using primers p10F and p10R87, and the PCR product was
inserted into pGEM-Teasy vector (Promega). In the same
way, primers p10R66, p10R60, p10R49, p10R43, and
p10R36 were used together with p10F to generate pGEM-
N66, pGEM-N60, pGEM-N49, pGEM-N43, and pGEM-
N36, respectively. The complete p10 ORF was excised from
pGEM-N87 with EcoRI and BamHI and it was cloned into
pEGFP-N1 (Clontech) cut with the same enzymes, generat-
ing the pEGFP-N87. In the similar way, plasmids pEGFP-
N80, pEGFP-N66, pEGFP-N60, pEGFP-N43, and pEGFP-
N36 were constructed and were used in the experiments of
transfecting BHK cells. The p10-egfp fragments of pEGFP-
N87 plasmid DNA were cut out with EcoRI and NotI and
subcloned into pIZ/V5 vector (Invitrogen), generating
pN87-GFP. In the same way, pN80-GFP, pN66-GFP,
pN60-GFP, pN43-GFP, and pN36-GFP were constructed.
The gfp fragment from pEGFP-N1 was cut out with EcoRI
and NotI, and subcloned in pIZ/V5 generating pGFP which
was used as a control.
Transfection of HzAM1 cells and f luorescence microscopy
Five micrograms of plasmid DNA of pN87-GFP, pN80-
GFP, pN66-GFP, pN60-GFP, pN43-GFP, pN36-GFP, or
pGFP was used to transfect 8  105 HzAM1 cells in 35-mm
polystyrene petri dishes by using lipofectin (Invitrogen). At
48 h post-transfection, the cells were suspended and dripped
on slide. The cells were viewed under confocal microscope
(Leica TCSSP2) for fluorescence.Western blot analysis
Five micrograms of plasmid DNA of pN87-GFP, pN80-
GFP, pN66-GFP, pN60-GFP, pN43-GFP, pN36-GFP, or
pGFP was used to transfect 8  105 HzAM1 cells in 35-mm
polystyrene petri dishes by using lipofectin. Cells were
harvested at 48 h post-transfection. For each sample, about
3  104 cells were suspended in PBS (pH 7.2) and lysed in
4 disruption buffer by boiling for 10 min. The total
proteins were separated by 12% SDS–PAGE and trans-
ferred onto Hybond-C membranes by semi-dry electro-
phoresis transfer (Bio-Rad). Bolts were blocked overnight in
TBS with 5% (w/v) powder milk. Then blots were probed
with polyclonal HearNPV P10 antiserum (diluted 1:1000) or
GFP mAb (GFP Ab-1, NeoMarkers, diluted 1:500) as
primary antibodies for 2 h. The secondary antibodies
(diluted 1:2000, Sino-American) were alkaline phospha-
tase-conjugated goat anti-rabbit or goat anti-mouse immu-
noglobulin. The bolts were washed in TBS-T and the signals
were detected using a BCIP/NBT kit (Sino-American).
Electron microscopy and immunogold electron microscopy
Five micrograms of plasmid DNA of pN87-GFP, pN80-
GFP, pN66-GFP, or pN60-GFP was used to transfect 8 
105 HzAM1 cells in 35-mm polystyrene petri dishes using
lipofectin. At 48 h pi, the cells were collected and
processed for electron microscopy and immunogold
electron microscopy.
For immunogold electron microscopy, cells were fixed in
PBS (0.1 M, pH 7.2) containing 1% glutaraldehyde and 2%
formaldehyde at 4 -C for 3 h and dehydrated through graded
ethanol. Subsequently, the specimens were embedded in
Lowicryl K4M resin and ultrathin sections were cut and
mounted on nickel grids. Sections were blocked with BL
(containing 50mM PBS, pH 7.0; 1% bovine serum albumin;
0.02% PEG20000; 100 mM NaCl; 1% NaN3) for 0.5 h.
Sections were incubated for 1 h with polyclonal HearNPV
P10 antiserum diluted 1:200 in BL. After washing three
times in H2O for a total of 30 min and reblocking in BL for
0.5 h, the sections were treated for 1 h with protein A
containing 15 nm colloidal gold (presented by Biotechnol-
ogy Institute of Zhejiang University) using 1:100 dilution in
BL. The grids were washed three times in H2O for total 30
min. The sections were stained with uranyl acetates and lead
citrate each for 12 min before viewing with a JEM-1230
transmission electron microscope operated at 70 kV.
Transfection of Sf21 and BHK cells and f luorescence
microscopy
Plasmid DNAs (5Ag) of pN87-GFP, pN80-GFP, pN66-
GFP, pN60-GFP, or pGFP were used to transfect Sf21 cells
and DNAs of pEGFP-N87, pEGFP-N80, pEGFP-N66,
pEGFP-N60, or pEGFP-N1 were used to transfect BHK
cells in 35-mm polystyrene petri dishes by using lipofectin
C. Dong et al. / Virology 338 (2005) 112–120120(Invitrogen). At 48 h post-transfection, the cells were
suspended and dripped on slide. The cells were viewed by
confocal microscopy (Leica TCSSP2) for fluorescence.Acknowledgments
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